Particle image velocimetry (PIV) is a well known technique for measuring the instantaneous velocity field of flows. However, error may be introduced when measuring the velocity field of sprays using this technique when the spray droplets are used as the seed particles. In this study, the effect of droplet number density, droplet velocity profile, and droplet size distribution of a spray produced by an effervescent atomizer on velocity measurement using a StereoPIV has been investigated. A shadowgraph-particle tracking velocimetry (S-PTV) system provided measurement of droplet size and velocity for comparison. This investigation demonstrated that the StereoPIV under-estimates velocity at near-field dense spray region where measurement accuracy is limited by multi-scattering of the laser sheet. In the dilute far-field region of the spray, StereoPIV measurement is mostly in agreement with velocity of the droplet size-class which is close to the mean diameter based on droplet number frequency times droplet cross sectional area.
INTRODUCTION
Successful design and utilization of atomization systems depend on the capability of characterizing the spray structure. One of the fundamental characteristics of the spray structure is the droplet velocity field. Droplet velocity and size distribution determines the required length for complete evaporation and combustion of droplets in spray combustors [1] . Droplet velocity in the vicinity of a chamber wall in diesel engines affects the impingement phenomenon which contributes to the atomization performance and also exhaust emissions [2] . The internal structure of the fuel sprays within combustion chambers can also be investigated by characterizing the droplet velocity field [3, 4] . The finish quality of paint sprays is also affected by the correlation between droplet size and velocity [5] . In addition, droplet velocity changes deposition and driftability in agricultural sprays [6] . As a result, the need for accurate and fast measurement of spray droplet velocity in various applications has led to the development of several measurement techniques including laser Doppler anemometry (LDA), phase Doppler particle analyzer (PDPA) and particle tracking velocimetry (PTV).
Spatially correlated measurement of a spray velocity field over a plane can reveal important characteristics of the flow such as large-scale turbulent structures, mixing phenomenon, entrainment of ambient air, and transient flow structure [7] [8] [9] [10] [11] . One of the systems that can conduct planar measurement of velocity is particle image velocimetry (PIV) [12, 13] . In typical applications of PIV, seeding particles are added to the flow and are tracked in images using a group correlation algorithm over sub-regions. The size and the number density of these seeding particles are adjusted to be as close as possible to the optimum value for the PIV algorithm. PIV has been successfully applied to numerous experiments in aerodynamics (see e.g., [14] ), turbulent boundary layer flows (e.g., [15] ), and in combustion chambers [2-4, 16, 17] .
The application of a PIV system to measure droplet velocity in sprays is, however, different from the typical applications of PIV. In the measurement of a spray velocity field using the PIV technique, droplets play the role of the seeding particles. The droplet characteristics of velocity and size depend on the atomizer design and the spatial location within the spray field. Consequently from a PIV processing view point, the spray droplets may not be the optimum choice of seeding particles and may result in different levels of accuracy in the measurement of spray droplet velocity field.
Some of the difficulties in the utilization of PIV systems for the measurement of spray velocity have been addressed in the literature. Ikeda et al. [18] and Palero et al. [19] have investigated the applicability of two-dimensional PIV and stereoscopic PIV (StereoPIV) to spray velocity measurement, respectively. In both works the effect of droplet size spectrum has been investigated through comparison with size-classified droplet velocity measurement using a PDPA. Agreement between the PIV and PDPA measurements has been observed for the velocity of droplets in the 20-30 µm range. Palero and Ikeda [7] used PIV to characterize turbulent mixing zones and recirculation areas within an oil burner spray. Ikeda et al. [20] developed a new PIV data processing algorithm, introduced as multi-intensity-layer PIV, to also provide droplet size information. Palero and Ikeda [21] extended this processing algorithm to StereoPIV and investigated three dimensional velocity vector map of a spray field.
The works discussed in the literature have identified a relatively high error of the PIV measurement at the vicinity of the atomizer nozzle. Droplet velocity at this region is of special importance as it directly affects mechanisms such as droplet breakup and evaporation. The vector plots of Ikeda et al. [18] and contours of Palero et al. [19] reveal disagreement between PIV and PDPA velocity measurement in this region. Palero and Ikeda [21] have also recorded discrepancy between StereoPIV and PDPA size classified velocity measurement at the near nozzle, high droplet number density region and suggested investigation of the discrepancy as future works. As a result, a clear understanding of the sources of error involved in the PIV measurement in dense regions of the spray is necessary to extend the measurement range to this area. The literature has also identified agreement between PIV measurement and the velocity of the 20-30 µm droplets at the far-field of the spray [18, 19] . This conclusion corresponds to a specific spray field with a certain droplet size distribution. Implementation of this as a general conclusion to other sprays and atomization conditions requires further investigation.
The aim of this paper is to investigate the factors which affect the accuracy of the PIV droplet velocity measurement in a spray field. In order to identify the regions where relatively high error is introduced, a shadowgraph particle tracking velocimetry (S-PTV) has been applied to allow comparison with StereoPIV results. The S-PTV system is an image-based droplet analyzer which provides droplet velocity measurement of individual droplets in a spray field. This system is also suitable for measurement at dense regions because it does not encounter the multi-scattering issue of the laser beam [22] and also measurement is not restricted to the assumption of spherical droplets [23] . In this investigation, the effects of droplet number density, droplet velocity profile, and droplet size spectrum on StereoPIV measurement have been investigated as potential factors that can introduce error in the measurement.
EXPERIMENTAL SETUP 2.1. Effervescent atomizer and flow control
The spray field utilized for this study is generated by an effervescent atomizer. A schematic view of this atomizer is shown in Figure 1 highlighting geometry and major dimensions. Air and water are introduced to the atomizer through separate inlets. Similar to other inside-out effervescent atomizers [23, 24] , air enters the mixing chamber via the aeration tube which is located at the central axis of the nozzle. At this location air is injected into the atomizer mixing chamber through holes in the aeration tube. The aeration tube is made from stainless steel and has 7 rows of 3 holes each 0.5 mm in diameter. The air-water mixture flows from the mixing chamber out through the exit orifice. As a result of the sudden pressure drop at the nozzle exit, the gas phase expands and disintegrates the liquid phase into ligaments and droplets forming the spray field. The mixing chamber and the exit nozzle have circular cross sections. The diameter of the exit nozzle (d), is 0.8 mm. The atomizer body has a rectangular outside crosssection and is made from cast acrylic, allowing visualization of the internal flow pattern.
High pressure water is supplied from a storage tank which is pressurized by shop air to maintain a steady flow. Both air and water mass flow rates are controlled and measured using mass flow controllers (Cole-Parmer, 32907-69, 32907-46, respectively). The accuracy of the air and water flow controllers is ±0.8% and 0.2% of full scale, respectively. These controllers also measure temperature and line pressures and are PC controlled for data monitoring and recording. The atomizer is mounted in a downward direction and recirculation of droplets is minimized by collecting the produced spray with an extraction system.
All the experiments of this work have been conducted at gas-liquid ratios (GLRs) of 0.054, 0.085, and 0.198 based on mass flow rate. These three different GLRs have been considered to further elucidate the effect of droplet number density. Constant air flow rate of 5 L/min has been applied at standard temperature and pressure of 25°C and 1atm. Water flow rates of 30, 70, and 110 mL/min have been used to vary the GLR to the indicated values. The pressure of water flow is 297, 265, 163 KPa and the pressure of air flow is 304, 274, 171 KPa at the flow meter locations for GLR of 0.054, 0.085, and 0.198, respectively. In all the GLR, the pressure of air is slightly higher than the pressure of water to make the air injection into water feasible. The selected GLRs result in an annulus film of water surrounding the central air stream in the conic area just before the exit nozzle, see Figure 1 Detail A. The selection of annular flow regime was based on improved spray quality in terms of smaller droplet Sauter mean diameter (SMD) [25] and steadiness [26] .
StereoPIV experimental setup
The StereoPIV system has been implemented with the configuration shown in Figure 2 . A frequency-doubled (532 nm), double resonator Nd:YAG laser (Solo PIV III, New Wave Research Inc.) is used to generate the laser beam. To generate a laser sheet to illuminate the region-of-interest the laser beam is passed through a set of two spherical lenses to focus the beam at the center of the field-of-view and is expanded in one dimension using a cylindrical lens. Although an expanded laser beam can be converted Schematic of the effervescent atomizer and water and air inlets.
to a thinner laser sheet by the spherical lens, the minimum feasible laser sheet thickness is limited by the quality of the initial laser beam [27] . This is characterized by the M 2 factor of the laser [27] . The minimum laser sheet thickness is also obtained only at a small region and the practical thickness is its average over the field-of-view of the PIV system. The laser utilized in this experiment has an M 2 factor of 9 which results in the minimum laser sheet thickness of 0.5 mm averaged over the field-of-view [28] . Two 12-bit digital cameras (LaVision) with 1376 × 1040 pixel CCD sensors are equipped with 55 mm lenses (Nikkor) and Scheimpflug adaptors. The cameras view perpendicular to the laser sheet in a stereo configuration with an included angle of 62°with respect to each other. The lenses are set to f-stop of 5.6 which results in a depth-of-field of 3.9 mm.
As it is shown in Figure 2 , the two cameras are located in a vertical plane perpendicular to the laser sheet to receive equal illumination. The field-of-view is 50 × 38 mm which results in 36 µm/pixel magnification. The cameras and the laser are placed on a computer controlled three-axis traverse to enable precise movement and location of the system. The StereoPIV images have been obtained at 7 consecutive axial locations downstream of the nozzle exit orifice. These images have been processed using a commercial code (DaVis 7.2, LaVision 2007). A preprocessing step consisting of subtraction of a sliding background (scale length of 20 pixels), subtraction of 20 counts offset, and intensity normalization (scale length of 30 pixels) has been applied to all the image sets. Next, a multi-pass StereoPIV algorithm with minimum interrogation window of 32 × 32 pixels (1.2 × 1.2 mm 2 in physical space) has been used to estimate the velocity vectors. In this work velocity data is presented only for valid vectors for which sufficient particles are present in the data images. 
Figure 2:
System configuration to measure the velocity field of the spray using StereoPIV.
S-PTV experimental setup
The S-PTV system used to collect comparison data consists of a shadowgraph droplet analyzer along with a PTV technique. Shadowgraph droplet analyzer is an image-based droplet analyzer which images two-dimensional projections of a droplet shadow [25, 29, 30] . A droplet equivalent area diameter [22] is calculated as a measure of droplet size from the area of the droplet shadow. The PTV algorithm calculates droplet velocity from the obtained double frame images [31, 32] . The S-PTV system uses the same base equipment as the StereoPIV system. As it is shown in Figure 3 , the Nd:YAG laser (Solo PIV III, New Wave Research Inc.) is equipped with a light diffuser and is applied to illuminate the spray field. A single 12-bit digital camera (LaVision) with 1376 × 1040 pixel CCD sensor is placed in front of the light source to obtain images of droplet shadows. The camera is equipped with a 12X zoom lens (Navitar) and captures images of a field-of-view of 314 × 237 µm with depth-of-field of 50 µm. The magnification of the S-PTV system is also 0.23 µm/pixel. Similar to the StereoPIV configuration, the camera and the laser are placed on a computer controlled three-axis traverse for manipulation of the field-of-view within the spray field.
The main error of this method in estimating droplet diameter is the ambiguity of the boundaries of out-of-focus droplets [33] . This error is minimized by selecting only infocus droplets with sharp boundaries for data processing. All data processes have been performed using custom commercial software (LaVision, 2007) . A preprocessing step is first applied to correct the non-uniformities of the background illumination which are mainly caused by the variations in the spray field. This preprocessing step consists of System configuration to measure the velocity field of the spray using S-PTV.
subtraction of the minimum intensity and the reference image which is calculated for each image using the "strict sliding maximum filter" algorithm (detailed in [34] ). Next, in the particle recognition step, a global threshold and then a set of low/high level thresholds is used to detect the boundary of the in-focus droplet images. Finally, the PTV algorithm is applied to identify the droplet pairs in the double-frame images using a criteria based on an allowed size and shift of the droplet images. The detail of these algorithms are available in [34] . Measurements have been conducted at 7 axial locations along the centerline and 4 radial locations. Since the minimum distance of the S-PTV measurement location relative to the nozzle is limited by large ligaments and overlapped droplets which are observed in the S-PTV images in the near nozzle vicinity, the measurement has been limited to z/d = 50 in order to obtain reliable measurements across all experiments. In this work, measurements where conducted at axial positions equivalent to z/d = 50, 75, 100, 125, 150, 175, and 200 downstream from the discharge orifice. Also measurements where conducted at radial locations of r/d = 3.5 and 6.1 from the centerline at z/d = 50 and at r/d = 6.1 and 12.3 at z/d = 100. Depending on the droplet density at the selected locations, between 5000 to 23,000 image pairs were taken at each investigated location. The number of droplets at the investigated locations and GLRs are shown in Table 1 . The number of images at each location has been chosen to record a large enough data set to obtain reliable statistical results.
RESULTS AND DISCUSSION
In order to identify the situations in which error is introduced in the StereoPIV droplet velocity measurement, the StereoPIV results are compared with droplet velocity measurement using the S-PTV system. This comparison is conducted along the spray centerline and at three different GLRs. The comparison is followed by investigating the characteristics of the spray field that provide the essential information needed to identify the sources of error in the StereoPIV measurement. The studied characteristics include droplet number density, droplet axial velocity profile, and droplet size distribution. To further elucidate the effect of droplet size distribution, the StereoPIV velocity measurement is also compared with size-classified droplet velocity measurement using S-PTV.
Comparison of StereoPIV and S-PTV velocity measurement
Decay of axial droplet velocity measured using the StereoPIV and S-PTV systems are shown in Figure 4 for the three different GLR's. The S-PTV data shows droplet velocity averaged for all the droplets in the size range of 2.5-57.5 µm. Investigating the S-PTV data shows a continuous reduction in droplet velocity along the spray centerline. In these figures, the rate of droplet velocity reduction along the spray centerline decreases with increasing axial distance. As expected, lower droplet velocity is observed for the higher GLRs as a result of lower liquid flow rates through the nozzle. Investigation of Figure 4 demonstrates that two different types of error have been observed for StereoPIV measurement at z/d < 70 and z/d > 70. First, under-estimation by StereoPIV at z/d < 70 is observed which is shown to be higher for lower GLRs. Second, over-estimation of StereoPIV measurement is observed at z/d > 70 for GLR = 0.085 and 0.198. This over-estimation reduces with increasing axial distance resulting in final agreement between the two systems. In order to examine the observed trends of the StereoPIV measurement, the main spray characteristics which can affect the measurement are investigated.
Effect of droplet number density
Droplet number density in a spray field is a function of the atomizer design and varies throughout the spray field. A sample StereoPIV image at the vicinity of the atomizer nozzle, z/d = 0−40 is shown in Figure 5 (a) which demonstrates a dense accumulation of large droplets in this region. In this relatively small region close to the nozzle, the The droplet number density within the flow field can be characterized using images collected with the StereoPIV system. The percentage of the pixels which have intensity higher than 2.45% (100 counts) of the maximum count (4096 counts for the 12-bit camera) has been calculated in selected windows of the StereoPIV images. A sample of these windows which have height and width of 50 and 120 pixels, respectively, is shown in Figure 5 (a). The height is along the z axis and the windows are located symmetrically with respect to the z axis. The results are presented in Figure 6 as a probability density function (PDF) versus axial distance along the spray centerline for the three investigated GLRs.
It is observed in Figure 6 that high PDF values exist at the vicinity of the nozzle. The high PDF values represent high droplet number density or existence of large droplets in this region which is consistent with the image of cluttered and large droplets of Figure 5 (a). A drop-off in the PDF values is observed with increasing axial distance which is followed by a region of low PDF values due to disintegration, evaporation, and spread of droplets into a larger volume.
Higher PDF values which depict larger droplets or higher droplet number density are observed at lower GLRs of The PDF values of Figure 6 can be compared to the optimum values for seeding suggested for PIV measurement in the literature. Keane and Adrian [35] have shown that for single-exposure double-frame PIV measurement at least 6 particles per interrogation window are necessary. Raffel et al. [36] have also recommended an optimum particle diameter of approximately 2 pixels. Assuming 6 particles of 2 × 2 pixels in an interrogation window of 32 × 32 pixels results in a PDF of 0.023 for optimum size and number density of PIV seeding particles. Investigation of Figure 6 shows that the PDF values at the spray near-field is higher than this for three GLRs of 0.054, 0.085, and 0.198 and that the criterion is satisfied at z/d = 125, 110, and 45, respectively. Consequently, in the near-field of the spray, droplet number density is higher than the optimum density of seeding particle required for the PIV algorithm. This region of extra droplet number density is extended further downstream for lower GLRs. The increased number of seed particles can affect the overall performance of the PIV processing algorithm. The high droplet number density in the near-field region generates a significant amount of "multi-scattering". In this process, the light scattered-off the droplets which are illuminated by the laser light sheet illuminates other droplets which are outside of the laser sheet. The multi-scattering process increases the effective thickness of the laser sheet and affects out-of-plane resolution of the StereoPIV measurement. As a result, the StereoPIV sampling volume would be larger and droplet velocity is averaged over a larger region. This decrease in the spatial resolution of the StereoPIV system can reduce the overall performance of the measurement.
A coherent structure is also observed in the near-nozzle region of Figure 5 (a). This structure can be due to the liquid column and its disintegrating fragments discharging from the nozzle prior to full disintegration. The liquid jet and fragment may have a lower velocity and due to their larger size and higher intensity can result in underestimation of the StereoPIV measurement.
Effect of droplet axial velocity radial distribution
In a PIV measurement, droplet velocity is averaged over a measurement volume defined either by the depth-of-field or the light sheet thickness, depending on which is thinner. Therefore, variation of droplet velocity in this volume can affect the accuracy of the results through averaging over a larger volume. Droplet velocity profiles in the radial direction are presented to investigate the effect of depth-of-field in the StereoPIV measurement. Radial profiles of droplet axial velocity at two axial locations of z/d = 50 and 100 at GLR = 0.085 are measured using the S-PTV system. These velocity profiles along with laser sheet half thickness are shown in Figure 7 . In this figure, z/d = 50 is considered to be at the near-field high droplet number density region of the spray while z/d = 100 is considered at the far-field low droplet number density of the spray according to the droplet number density plot of Figure 6 .
It is observed in Figure 7 that the peak velocities are 34 and 18 m/s at z/d = 50 and 100 respectively and droplets at both near-field and far-field have the highest axial velocity at the spray centerline. As the radial distance from the spray centerline increases, droplet axial velocity decreases. The drop-off in axial velocity with increasing radial distance is higher for z/d = 50 in comparison to z/d = 100. As a result, droplet velocity in the radial direction has a higher gradient in the near-field than the far-field of the spray.
Averaging droplet velocity over a thicker depth-of-field will result in underestimation of the velocity of the centerline droplets by accounting for the low velocity droplets of radial locations. This highlights the importance of the measurement depthof-field at the near-field region of sprays where multi-scattering of the laser sheet from high seeding will act to increase the image depth-of-field. The under-estimation reduces in the far-field of the spray because of lower seeding density and also lower droplet velocity gradient in the radial direction. In the far-field, the StereoPIV accuracy is less sensitive to the measurement depth-of-field and a wider depth-of-field introduces less error in comparison to the spray near-field.
Effect of spray droplet size distribution
To investigate the effect of droplet size on the PIV measurements, the S-PTV droplet velocity measurement is binned into four droplet size classes of 2.5-12.5, 12.5-22.5, 22.5-32.5, and 32.5-57.5 µm and compared with StereoPIV measurement. The decay of axial velocity of the size classified droplets measured by the S-PTV along with the StereoPIV measurement are shown in Figure 8 To address the observed bias in the StereoPIV measurement, droplet size distribution has been investigated and data is presented in Figures 9(a) -(e). Since in a PIV measurement of a spray field both droplet size distribution and droplet cross-sectional area are influential, in Figures 9(a) -(e) both number frequency, N f , and droplet number frequency times droplet cross-section area, N f × A have been presented through the left and right vertical axes, respectively. The N f and N f × A data are determined from the S-PTV measurement. The results for axial distance of z/d = 75 for GLR = 0.198, 0.085, and 0.054 are shown in Figures 9(a)-(c) , respectively, and the results for GLR = 0.054 at z/d = 125 and 175 are shown in Figures 9(d) and (e). In these plots, droplets have been categorized into bins of 5 µm in size which cover droplet diameter of 2.5 to 57.5 µm. To generate the number frequency plots, the number of droplets in each bin has been divided by the total number of droplets. In these plots, mean diameter based on the N f plots is calculated according to (1) where (N f ) i and D i represent droplet number frequency and droplet diameter for a droplet bin. The mean diameter based on Eq.1 is calculated and shown in Figure 9 by a circular symbol. Mean diameter based on N f × A plot is calculated by (2) where (N f × A i ) represents droplet number frequency times droplet cross-sectional area for a selected droplet bin. The calculated values of mean diameter based on Eq.2 are shown in Figure 9 by a cross symbol.
It is observed in the N f plots of Figures 9(a) -(e) that most of the droplets are in the 2.5-12.5 size class and in general droplets in the 2.5-12.5, 12.5-22.5, 22.5-32.5, and 32.5-57.5 µm have the highest to lowest number frequency, respectively, at the different locations and GLRs. Comparison of Figures 9(a), (b) , and (c) depicts the negligible effect of GLR variation on droplet size distribution at z/d = 75. Only a slight increase of number frequency of droplets in the 2.5-12.5 and 12.5-22.5 µm classes is observed with reduction of GLR. Figures 9(c), (d) , and (e) shows that an increase of the axial distance results in a slight shift of the number frequency plots toward larger droplets. With increasing axial distance, number frequency of droplets in 2.5-12.5 µm range reduces and number frequency of the droplets in the other size classes of 12.5-22.5, 22.5-32.5 and 32.5-57.5 µm increases. Therefore, the presence of most of the droplets in the size class of 2.5-12. 
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The mean droplet diameter based on N f in Figures 9(a) , (b), and (c) are 19.6, 18.7, and 19.3 µm, respectively, which show negligible change of droplet mean diameter with GLR variation. This is explained through the concept of a "tree" regime, introduced by Santangelo and Sojka [37] , which describes the atomization mechanism of effervescent atomizers at high GLRs. In this concept the liquid exits the nozzle as a short annular jet or "trunk" with a number of attached limbs. The change in the flow structure, which is mainly in terms of the length of the liquid trunk, at these high GLRs is small and consequently droplet mean diameter remains constant over a range of GLRs [37] . The mean droplet diameter based on N f in Figures 9(c)-(e) is 19.3, 23.9 , and 28.0 µm, respectively. This trend shows an increase of droplet mean diameter based on N f with increasing axial distance which has been attributed to droplet evaporation (evaporation of small droplets), entrainment of larger droplets from radial locations and droplet coalescence [38] .
It is observed in Figure 9 It has been observed in Figure 8 (a) that at z/d = 75 the StereoPIV measurement is relatively close to the velocity of 12.5-22.5 µm droplet size class. This is consistent with the location of the N f × A peak which is at 12.5-22.5 µm droplet size class and also the mean droplet diameter based on N f × A and N f which is at 18.7 and 19.6 µm, respectively, in Figure 9 Figure 9 (c), (d), and (e), respectively. Therefore, the bias in the StereoPIV measurement of spray droplets can be estimated using the location of the N f × A peak and also the mean droplet diameter based on N f × A and N f .
In summary, it has been observed in Figure 8 that the StereoPIV system under-estimates droplet velocity at z/d = 50 in comparison to all the four size-classifies droplet groups. This is similar to what has been observed in Figure 4 from comparison of StereoPIV and S-PTV results averaged over all droplet sizes. As explained in the last section, this under-estimation can be contributed to the spatial resolution of the StereoPIV system and also the remnants of the discharged liquid jet prior to its final disintegration. At z/d > 70, it has been observed that the StereoPIV measurement is biased toward 12.5-22.5 and 22.5-32.5 µm droplet size classes. This bias in the StereoPIV measurement can be addressed using the N f × A plots presented in Figure 9 and the resolution of the StereoPIV cameras. Magnification of the StereoPIV setup is 36 µm/pixel and the scattered light of the small droplet groups would spread over a single pixel area. As a result, the smallest droplets which are present in the 2.5-12.5 µm droplet size class will have considerably lower intensity peak and lower weight in the StereoPIV processing algorithm. Results also showed that this bias can be estimated using the mean droplet diameter based on N f × A and N f .
CONCLUSION
In this work, the effect of spray droplet characteristics which play the role of tracer particles on the accuracy of StereoPIV measurement has been investigated. The spray measurement of droplet velocity has been compared with S-PTV measurement to identify the regions where relatively high error is introduced. The StereoPIV and S-PTV results have been used to investigate the effect of droplet number density, droplet velocity profile, and droplet number frequency. The investigation has been carried out in both dense and dilute regions of the spray and also at three different GLRs.
In the near-field dense spray region of z/d < 70, StereoPIV system under-estimates the droplet velocity in comparison to S-PTV measurement. This under-estimation is exacerbated by increasing the spray liquid flow rate which results in higher droplet number density. High droplet number density at this region causes multi-scattering of the laser sheet and the velocity measurement would be the average over a wider depthof-field. This larger sampling volume will include the droplets in radial locations which have lower velocity than the centerline droplets. Therefore, StereoPIV measurement at the near-field region of the spray is limited by (1) wider measurement depth-of-field and (2) higher droplet velocity gradient in the radial direction. The large and low velocity remnants of the liquid jet exiting from the nozzle prior to its disintegration can also contribute to the observed velocity under-estimation in the spray near-field.
The StereoPIV under-estimation reduces with increasing axial distance and disappears at around z/d = 70. With increasing axial distance, the spray becomes dilute and droplet number density decreases. This results in reduction of multi-scattering of the laser light and thinner image depth-of-field. In addition, lower droplet velocity gradient toward radial direction exist at the spray far-field. The alleviation of these two factors results in a decrease of the StereoPIV under-estimation.
In the far-field dilute region of the spray, the StereoPIV over-estimates droplet velocity in comparison to S-PTV measurement of 2.5-57.5 µm droplet size class.
Comparison to the size-classified measurement also reveals that it is generally biased toward the 12.5-22.5 and 22.5-32.5 µm droplet size classes depending on the axial location. This bias is due to the droplet/pixel size ratio and also the combined effect of droplet number frequency and droplet cross-sectional area. If a droplet is considerably smaller than the area viewed by a single CCD pixel, the scattered light of the droplet would spread over the pixel which results in lower intensity peak and consequently lower weight for that droplet in the StereoPIV processing algorithm. The droplet number frequency times droplet cross-sectional-area, N f × A plots, also demonstrated that the 12.5-22.5 and 22.5-32.5 µm droplets have the best combination of droplet number frequency and cross-sectional area at z/d = 75, 125 and z/d = 175, respectively. The StereoPIV measurement would be biased toward the droplet mean diameter based on N f × A at the far-field dilute region of the spray.
